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ABSTRACT
We report on ALMA band 4 observations of glycolaldehyde (CH2OHCHO v=0,
1, 2) and ethylene glycol (aGg′(CH2OH)2 and gGg
′(CH2OH)2) toward the solar-type
protostar IRAS 16293-2422, which harbours a twin binary system (source A and B).
Vibrationally excited glycolaldehyde is unambiguously identified in source B for the
first time, constituting the first detection in interstellar space. Rotational transitions
of gGg′(CH2OH)2 are also firstly detected in source A. Multiple transitions spanning
a wide energy range allow us to derive accurate physical parameters. Vibrationally
excited glycolaldehyde transitions have a higher gas temperature and abundance than
their rotational transitions. A larger number of spectral lines is found towards source B,
which also has higher temperatures but lower abundances compared to source A. The
results indicate different physical and chemical conditions for the two twin sources.
Subject headings: ISM: abundances - ISM: individual objects (IRAS 16293-2422) -
ISM: molecules
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1. Introduction
The class 0 protostellar binary IRAS 16293-2422 (hereafter I16293) contains two hot corinos,
namely A and B with a separation of 480 ∼ 620 AU (Andre´, Ward-Thompson & Barsony 1993;
Chandler et al. 2005; Caux et al. 2011), embedded in an envelope with a gas mass of ∼2 M⊙
(Crimier et al. 2010). Multiple outflows have been observed in source A with high spatial reso-
lution ALMA and VLA observations (Loinard et al. 2013), whereas outflow, infall and a possible
disk have been observed in source B (Zapata et al. 2013). The hot corinos are characterized by
compact source sizes ∼ 100 AU and hot gas temperatures ∼100 K (Scho¨ier et al. 2004). Many line
surveys have been carried out towards I16293 by using single dish telescopes and interferometers
(Cazaux et al. 2003; Bisschop et al. 2008; Caux et al. 2011; Jørgensen et al. 2016; Lykke et
al. 2017; Martı´n-Dome´nech et al. 2017), revealing a rich chemistry in complex organic molecules
(COMs) such as CH3OCHO, CH2OHCHO, CH3COOH, CH3COCH3, and CH3NCO.
Out of the detected COMs, glycolaldehyde (CH2OHCHO) is particularly important, since
is an essential constituent of ribonucleic acid (RNA) (Coutens et al. 2015) which is related to
life. Glycolaldehyde was first detected and identified at 220 GHz and 690 GHz in I16293 by
Jørgensen et al. (2012). However, most of the transitions were blended with other molecular
transitions. Later on, ALMA observations at 350 GHz (Jørgensen et al. 2016) revealed a large
number of transitions of CH2OHCHO in I16293, mainly towards source B. In this work, we report
the detection and identification of glycolaldehyde at the 2 mm waveband toward both sources A
and B , together with vibrationally excited lines and its chemically related molecule ethylene glycol
(aGg′(CH2OH)2 and gGg
′(CH2OH)2). The observations are described in Sect. 2, and in Sect. 3
and 4 present the results and data analysis. Main conclusions are summarized in Sect. 5.
2. OBSERVATIONS
We used calibrated data from the ALMA science verification (SV) program toward IRAS
16293-2422 at band 4. The observations were carried out with 23 × 12 m antennas in July
14th, 2014. The phase-tracking center is at R.A.(J2000) = 16h32m22s.73 and decl.(J2000) =
−24◦28′32′′.50. The observations consist of four spectral windows with 3840 channels each. Hy-
brid spectral resolutions are set in the observations. Window 1 (157.301 to 159.155 GHz) and
window 3 (145.122 to 146.976 GHz ) have spectral resolution of 1.854 MHz. While window 0
(156.840 to 157.303 GHz) and window 2 (147.008 to 147.240 GHz) have channel width of 0.463
MHz and 0.232 MHz respectively. Images were produced with the software CASA1 and have a
1CASA homepage: http://casa.nrao.edu
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primary beam size of approximate 30′′ and a beam size of 1′′.1 × 0′′.67 (P.A. = −70◦.3).
Continuum-subtraction was done in the uv domain. Figure 1 shows the continuum map con-
structed from the line-free channels extracted in spectral window 3. Two compact sources A and B
are detected. Source B is brighter than source A, consistent with the results at 350 GHz (Jørgensen
et al. 2016). A two dimensional Gaussian fitting to the continuum results in the peak positions
and intensities, deconvolved source sizes, and flux density listed in Table 1.


BB
Fig. 1.— The 2mm (145 GHz) continuum emission map of IRAS 16293-2422. The contour levels
are (1, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115,
120) × 3σ Jy beam−1 (1σ = 0.001 Jy beam−1). The red “+” marks the peak positions of sources A
and B. The synthesized beam size is 1′′.09 × 0′′.66 (P.A. = −70◦.3) and is shown in the lower-left
corner.
Under the assumptions that an average grain radius is 0.1 µm, grain density is 3 g cm−3 and
the gas-to-dust radio is 100, the H2 column density can be calculated following Lis, Carlstrom &
Keene (1991):
NH2 = 8.1 × 10
17 exp(hν/κT ) − 1
Q(ν)Ω
(
S ν
Jy
)(
ν
GHz
)−3(cm−2), (1)
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where κ and h are the Boltzmann constant and Planck constant, respectively, T is the dust temper-
ature, Q(ν) is the grain emissivity at frequency ν, S ν is the total integrated flux of the continuum,
and Ω is the solid angle subtended by the source. We assumed that the dust temperature in sources
A and B equal to the averaged rotation temperatures of 160 and 180 K derived from molecular
lines discussed in Sec. 3.1. We adopt Q(ν) = 1.0 × 10−5 at 2 mm (Lis, Carlstrom & Keene 1991;
Qin et al. 2010). Source-averaged H2 column densities of 1.7 × 10
25 cm−2 and 8.1 × 1025 cm−2
for source A and source B are obtained, consistent with the results by Jørgensen et al. (2016).
3. RESULTS
3.1. Line identification and LTE calculation
Full band spectra are extracted at the continuum peak positions of sources A and B, as shown
in Figure 2 and Figure A1 of Appendix. At a first glance, lots of spectral features are seen in
both sources A and B. There are more lines in source B than in source A, while line widths
in source A are broader than in source B. The eXtended CASA Line Analysis Software Suite
(XCLASS) (Mo¨ller, Endres & Schilke 2017) package is employed for identifying line transi-
tions. XCLASS accesses to database Cologne Database for Molecular Spectroscopy (CDMS;
Mu¨ller et al. (2001, 2005); http://cdms.de) and Jet Propulsion Laboratory (Pickett et al. 1998)
(JPL; http://spec.jpl.nasa.gov). Under assumption of local thermodynamical equilibrium (LTE),
XCLASS takes the beam dilution, line opacity, and line blending into account, and solves the
radiative transfer function to generate a synthetic spectrum that can be directly compared to the
observational data. The necessary input parameters are the source size, line width of full width at
half-maximum (∆V), velocity offset with respect to systemic velocity (Voff), background tempera-
ture, column density (Ntot) and rotation temperature (Trot). We have generated synthetic spectra for
CH2OHCHO v=0, 1, 2 and its chemically related species aGg
′(CH2OH)2, gGg
′(CH2OH)2 towards
Table 1. ALMA 145 GHz continuum properties of source A and source B
Parameters Source A Source B
R.A.(J2000) 16h32m22s.87 16h32m22s.61
Decl.(J2000) −24◦28′36 ′′.52 −24◦28′32 ′′.55
Deconvolved size 1′′.1 × 0′′.6 (57◦.7) 0′′.5 × 0′′.4 (109◦.7)
Peak intensity (Jy beam−1) 0.11 ± 0.003 0.33 ± 0.003
Integrated flux (Jy) 0.25 ± 0.003 0.42 ± 0.007
NH2 (cm
−2) (1.67 ± 0.02) × 1025 (8.05 ± 0.13) × 1025
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Fig. 2.— Sample spectra and line identification. The black curve is the observed data. XCLASS
synthesised spectra are coded in different color (CH2OHCHO - oyan; aGg
′(CH2OH)2 - red;
gGg′(CH2OH)2 - blue; CH2OHCHO v=1 - orange; CH2OHCHO v=2 - violet). Dashed green
curve presents full source model spectra.
sources A and B. The identified lines are coded in different color as shown in Figure 2 and Figure
A1. The typical broad line features seen in source A results in most of the identified lines being
blended with other molecular transitions. On the contrary, narrower line features in source B allow
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for a clear detection of vibrationally excited glycolaldehyde in this source. Gaussian fitting is made
to unblended transitions and the fitting parameters (VLS R, ∆V, Ip) are also given in Table A1. We
discuss the results of individual species in the following:
CH2OHCHO: In total 21 glycolaldehyde lines with upper-level energies from 18 to 307 K are
detected in source B. Of the 21 transitions, 2 are blended with other lines. In source A, 19 transi-
tions of CH2OHCHO are observed, and 14 are blended. Note that the two unblended transitions
at 146.2015 and 158.9099 GHz are clearly detected in source B, while they are lower than 1 σ
detection limit in source A (see Figure A1 in Appendix).
CH2OHCHO v=1, 2: So far, vibrationally excited transitions of CH2OHCHO v=1 have not
been observed in interstellar space. A total of 20 transitions of CH2OHCHO v=1 spanning an
energy range from 299 to 546 K were identified in source B, but not in source A. Sixteen un-
blended spectral features were clearly detected. Similar to that of CH2OHCHO v=1, transitions of
CH2OHCHO v=2 were detected only in source B. Nineteen transitions with an energy of 392-1046
K were identified, and 16 unblended lines are clearly detected.
Ethylene glycol is the reduced alcohol of glycolaldehyde, and is chemically related to glyco-
laldehyde (Brouillet et al. 2015; Lykke et al. 2015; Jørgensen et al. 2016). A total of 27 lines of
aGg′(CH2OH)2 with upper-level energies of 53-218 K are detected in both sources. Of the detected
lines, 8 and 13 are unblended transitions towards source A and source B, respectively. In total 14
transitions of gGg′(CH2OH)2 are observed. The observed transitions span an energy range from
31 to 314 K. Similar to aGg′(CH2OH)2, most of the gGg
′(CH2OH)2 transitions in source A are
blended with other lines.
To obtain reasonable excitation temperatures and column densities of each species, we have
run Modeling and Analysis Generic Interface for eXternal numerical codes (MAGIX) (Mo¨ller et
al. 2013) software coupled to the XCLASS package to optimize the solution. Table 2 presents
Table 2. Temperatures, column densities and abundances toward source A and source B
Molecule Source A Source B
Trot Ntot f(H2) Trot Ntot f(H2)
(K) (1016cm−2) (K) (1016cm−2)
aGg′(CH2OH)2 150 ± 12 5.4 ± 1.0 3.2 × 10
−9 184 ± 14 2.1 ± 1.0 2.6 × 10−10
gGg′(CH2OH)2 162 ± 9 2.1 ± 1.1 1.3 × 10
−9 182 ± 19 2.8 ± 1.3 3.5 × 10−10
CH2OHCHO v=0 157 ± 9 1.3 ± 1.1 0.8 × 10
−9 183 ± 14 1.8 ± 1.4 2.2 × 10−10
CH2OHCHO v=1 ... ... ... 201 ± 9 4.8 ± 1.0 6.0 × 10
−10
CH2OHCHO v=2 ... ... ... 241 ± 11 6.1 ± 1.1 7.6 × 10
−10
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the best fitted results of excitation temperatures and column densities of CH2OHCHO v=0, 1, 2
and aGg′(CH2OH)2, gGg
′(CH2OH)2 toward sources A and B. The average excitation temperatures
of (CH2OH)2 and CH2OHCHO in source A (∼ 160 K) is lower than that in source B (∼ 180
K). Fractional abundances relative to H2 are also calculated and listed in Table 2. The fractional
abundances in source A are larger than in source B.
3.2. Spatial distribution
Figure 3 shows a sample of images of different transitions of aGg′(CH2OH)2 and CH2OHCHO
v=0, 1, 2. As seen in this Figure, aGg′(CH2OH)2 and CH2OHCHO v=0 distribute over both source
A and B and have a similar morphology, suggesting that both species can be chemically related,
while CH2OHCHO v=1, 2 transitions are only detected in source B, pointing to different physical
conditions in both sources.
(a)  aGg’(CH2OH)2
       156.9923  GHz
(b)  CH2OHCHO  v=0
        145.4512  GHz
(c)  CH2OHCHO  v=1
        145.7099  GHz
(d)  CH2OHCHO  v=2
        146.9165  GHz
Fig. 3.— Sample integrated intensity maps of aGg′(CH2OH)2 and CH2OHCHO v=0, 1, 2. In each
panel, the synthesized beam is shown in the lower-left corner, and the cross symbol indicates the
peak positions of the continuum image. The 1σ noise levels and contour levels are (a) 0.01 Jy
beam−1, (1, 1.5, 2, 3, 4, 6, 8, 10, 12) × 3σ; (b) 0.01 Jy beam−1, (1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5,
6, 6.5, 7) × 3σ; (c) 0.007 Jy beam−1, (1, 2, 3, 4) × 3σ (d) 0.008 Jy beam−1, (1, 2, 3, 4, 5) × 3
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Fig. 4.— Plot of the source size versus the position angle of (CH2OH)2 and CH2OHCHO v=0, 1,
2 for source A (left panel) and source B (right panel).
The two-dimension Gaussian fitting was made to the line images to obtain the source size and
position angle of unblended molecular transitions. Figure 4 presents a relation of source size and
position angle of unblended molecular transitions. From left panel of Figure 4, one can see that
source size increases as position angle decreases, suggesting that molecular transitions in source A
have different excitation condition and may have sub-structure. Previous higher spatial resolution
observations have resolved source A into A1 and A2 components (Loinard et al. 2013). As
stated before, source B has more lines than in source A, and vibrationally excited CH2OHCHO is
only observed in source B. Molecular transitions in source B have similar source size of ∼ 0.9′′
and position angle of ∼ 107◦.41, which indicate that the (CH2OH)2 and CH2OHCHO transitions
distribute over same region and trace same physical environments.
3.3. Line kinematics
Figure 5 shows representative spectra extracted towards source A and B. The transitions of
aGg′(CH2OH)2, gGg
′(CH2OH)2 and CH2OHCHO have similar line profiles and similar LSR ve-
locities. The mean line width and systemic velocity for source A are ∼ 9 and ∼ 4 km s−1 respec-
tively, which are larger than the ∼ 3 km s−1 obtained for source B. Different line width and systemic
velocity between the two sources have also been previously reported (e.g., Bottinelli et al. (2004);
Scho¨ier et al. (2005); Caux et al. (2011)), suggesting that the two sources have different kinemat-
ics and physical conditions. The similar line profiles for the ethylene glycol and glycolaldehyde
transitions suggest a common physical origin and chemical relation.
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Fig. 5.— Representative spectra at Sources A and B position: (Left) aGg′(CH2OH)2 at 158.3429
GHz, gGg′(CH2OH)2 at 157.2305 GHz, CH2OHCHO at 157.7119 GHz. Two black lines denote
the velocity of 1 km s−1 and 5 km s−1. (Right) aGg′(CH2OH)2 at 146.5956 GHz, gGg
′(CH2OH)2
at 146.7894 GHz, CH2OHCHO v=0 at 158.3993 GHz, CH2OHCHO v=1 at 159.1243 GHz, and
CH2OHCHO v=2 at 158.5012 GHz. Two black lines denote the velocity of 2 km s
−1 and 4 km s−1.
4. DISCUSSION
4.1. Detection of vibrationally excited glycolaldehyde
We have, for the first time, detected the vibrationally excited states v=1 and v=2 of glyco-
laldehyde in interstellar space. Of the 20 CH2OHCHO v=1 lines with upper energy level from
299 to 546 K, 16 are clearly unblended. Sixteen unblended CH2OHCHO v=2 transitions spanning
energy range of 392-1046 K are also detected. For the species with a large number of transitions
spanning a wide energy range, the expected line intensities will be related to the upper level en-
ergies of the transitions. From Figure 2 and Figure A1 in Appendix, one can see that all detected
CH2OHCHO v=1, 2 transitions have peak intensities larger than 3 σ, and lower energy transitions
have higher peak intensity. CH2OHCHO v=2 transitions have higher upper level energy than its
v=1 lines. Higher gas temperature and column density is derived for CH2OHCHO v=2 transition.
As shown in Table A1 in Appendix, the vibrationally excited CH2OHCHO transitions have similar
– 10 –
line width and systemic velocity. Therefore we conclude that the identification of CH2OHCHO
v=1, 2 transitions in this work is reliable.
Previous studies of ground state of CH2OHCHO mainly focus on source B observed by
ALMA (Jørgensen et al. 2012, 2016). Large line width in source A makes it difficult to identify
weak line emission. The XCLASS takes line blending into account, and provides us an opportunity
to identify CH2OHCHO transitions toward source A. Of 19 CH2OHCHO v=0 transitions observed
in source A, 5 lines are unblended. The gGg′(CH2OH)2 ground state transitions are observed in
both source A and source B. Three unblended transitions of gGg′(CH2OH)2 are firstly identified in
source A.
Detection and undetection of some molecular transitions and species in source A and B indi-
cate the twin components have different excited conditions and chemical environments. We discuss
the molecular excitation and chemistry in the following.
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4.2. Excitation
The relationship of line width and upper-level energy of the five molecules is presented in
Figure 6. For source A (see left panel of Figure 6), the line width does not change as the increase
of the upper-level energy (Eu) with an average value of 7.6 ± 1.99 km s
−1. Similar situation is also
seen toward source B (right panel of Figure 6) with an average value of 2.5 ± 0.9 km s−1. Caux et
al. (2011) has reached same conclusion by IRAM 30 m observations of organic molecules. Two
outflows have been identified in source A, and infall motion has been observed in source B with
high spatial resolution ALMA and VLA observations (Pineda et al. 2012; Loinard et al. 2013;
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Zapata et al. 2013). The observed behavior of line width versus Eu may indicate that line width is
not dominated by thermal broading, but by kinematical effects Caux et al. (2011).
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Fig. 7.— Plot of the source size versus the upper-level energy of (CH2OH)2 and CH2OHCHO
v=0, 1, 2 for source A (left panel) and source B (right panel). The vertical bar indicates 3σ errors.
Down arrow symbol indicates point source and we use beam size of 0.8′′ for source size. Real
source size should be smaller than 0.8′′.
Figure 7 shows the relationship between source size and upper level energy. For source A (left
panel of Figure 7), the source sizes derived from aGg′(CH2OH)2, gGg
′(CH2OH)2 and CH2OHCHO
decrease as increasing of upper level energy, which may be caused by temperature gradient or
multiple sub-components in source A. Previous higher angular observations have resolved source
A into A1 and A2 components (Loinard et al. 2013). Vibrationally excited CH2OHCHO v=0,
1, 2 are detected in source B. Right panel of Figure 7 shows that source sizes of CH2OHCHO
v=0, 1, 2 and (CH2OH)2 do not vary with Eu in source B with vibrationally excited CH2OHCHO
having smaller source size than rotational transitions. Probably the CH2OHCHO and (CH2OH)2
molecules in source B originate from a compact hot corino with simple source structure.
We have estimated rotation temperatures and column densities by use of XCLASS based on
multiple molecular transitions. Source A has average gas temperature of ∼ 160 K while higher
gas temperature of ∼ 180 K is derived toward source B from ground state transitions of (CH2OH)2
and CH2OHCHO. CH2OHCHO v=1, 2 lines are excited by higher gas temperatures of 200 K and
240 K respectively. Generally molecules have higher column densities in source B than in source
A. The results suggest that the two sources have different physical and chemical conditions. Also
much more lines are observed in source B (see Figure 2 and Figure A1), indicating that source B is
chemically active. Higher gas temperature but narrow line width in source B indicate that the line
width is not dominated by thermal broading.
As shown in Table 1, higher column density and gas temperature are derived toward vibra-
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tionally excited CH2OHCHO v=1, 2 transitions. Together with smaller source size of highly ex-
cited lines, we deduced that molecular transitions are excited by inner heating. Observations of
glycolaldehyde transitions toward young stellar objects in Perseus De Simone et al. (2017) sug-
gested that the glycolaldehyde is abundant in brighter and more evolved sources. Source B has
higher gas temperature than source A. It may indicate that source B has larger luminosity and
more evolved than source A (Calcutt et al. 2018) .
4.3. Chemistry
We have derived molecular abundances relative to H2 (see Table 2). Higher glycolaldehyde
abundance of a few times 10−10 in I16293 can not be explained by gas phase chemical reactions
(Halfen et al. 2006). Probably grain surface chemical reactions (O¨berg et al. 2009; Garrod 2013;
Woods et al. 2012, 2013) are responsible for production of CH2OHCHO in I16293. O¨berg et
al. (2009) and Garrod (2013) proposed that CH2OHCHO may form on icy mantles, in which UV-
induced at the CH3OH-rich ice can produce radical CH3, CHO and CH2OH, and then CH2OHCHO
and (CH2OH)2 can be effectively produced by collision of CHO and CH2OH. Similar gas distribu-
tion, source size, gas temperature between CH2OHCHO and (CH2OH)2 in I16292 in our work sug-
gested that CH2OHCHO and (CH2OH)2 are chemically related, supporting that the two molecules
are synthesized on grain surface (O¨berg et al. 2009; Garrod 2013).
In solar-type protostar NGC 1333 IRAS2A (Coutens et al. 2015), the abundance radio of
(CH2OH)2/CH2OHCHO is 5:1. While (CH2OH)2/CH2OHCHO ratio of 1:1 in I16293 is obtained
in our work which is consistent with that by Jørgensen et al. (2016). This difference between
low-mass protostars might be related to different CH3OH:CO radio in the grain mantles. O¨berg et
al. (2009) suggested that (CH2OH)2/CH2OHCHO abundance radio is related to initial conditions
of CH3OH:CO ratio and temperature in ice mixture. Gas-phase abundance of CH3OH in NGC
1333 IRAS2A is found to be 4 × 10−7 in NGC 1333 IRAS2A (Jørgensen, Scho¨ier & van Dishoeck
2005) which is higher than 1 × 10−7 in I16293 (Scho¨ier et al. 2002), while the two sources have
similar CO abundance of (2-3) × 10−5 (Jørgensen, Scho¨ier & van Dishoeck 2002; Scho¨ier et al.
2002).
5. CONCLUSIONS
We present ALMA band 4 observations of CH2OHCHO v=0, 1, 2 and its chemically related
species aGg′(CH2OH)2 and gGg
′(CH2OH)2 towards IRAS 16293-2422 (source A and source B).
We have clearly identified the molecular transitions and calculated physical parameters under LTE
– 13 –
assumption. Main findings in this work are summarized in the following:
1. Vibrationally excited transitions of CH2OHCHO v=1 and v=2 are unambiguously identi-
fied in source B. This is first detection of CH2OHCHO v=1 and v=2 in interstellar space.
2. Ground state transitions of CH2OHCHO are clearly identified in source A. The gGg
′(CH2OH)2
transitions are observed in source A for the first time.
3. LTE calculation showed that source B has higher gas temperature and lower molecular
abundance than source A. Much more lines and vibrationally excited CH2OHCHO are observed in
source B. The results suggest that sources A and B have different physical and chemical conditions,
source B is more evolved and chemically active.
4. Higher CH2OHCHO abundance is derived in I16293 support the models that CH2OHCHO
can be synthesized by grain surface chemical reactions. CH2OHCHO and (CH2OH)2 have similar
gas distributions which may indicate that the two molecules are chemically related. CH2OHCHO
and (CH2OH)2 ratio may be related to initial physical conditions in icy mixture.
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Fig. A1.— The result of identification. The black curve is the observed data. XCLASS synthesised
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Table A-1. Observed Line Parameters of Detected Species Toward Sources A and B
Name Rest Frequency Quantum Numbers Si jµ
2 Eu Source A Source B Channel rms Notes
(MHz) (debye2) (K) VLS R ∆V IP VLS R ∆V IP
(km s−1) (km s−1) (K) (km s−1) (km s−1) (K) (Jy beam−1)
CH2OHCHO v=0 145189.8160 19(3,17)-19(2,18) 32 109 ... 3.00 ± 0.07 2.27 ± 0.03 2.76 ± 0.01 0.007 1
145451.2000 22(7,15)-22(6,16) 70 171 4.01 ± 0.07 9.00 ± 0.08 1.15 ± 0.04 3.57 ± 0.01 2.83 ± 0.05 2.96 ± 0.05 0.010
145608.1870 21(4,18)-21(3,19) 47 138 ... 3.66 ± 0.07 2.61 ± 0.07 3.43 ± 0.09 0.010 2
145774.8400 14(2,12)-13(3,11) 29 63 ... ... ... 3
145884.4350 31(6,25)-31(5,26) 102 307 ... 3.65 ± 0.08 2.15 ± 0.08 2.53 ± 0.05 0.011 4
146019.3110 13(2,12)-12(1,11) 45 51 ... 3.08 ± 0.04 2.69 ± 0.09 3.27 ± 0.07 0.019 5
146201.5130 8(3,6)-7(2,5) 16 25 ... 3.34 ± 0.05 2.26 ± 0.01 2.56 ± 0.05 0.006 6
146384.1360 5(4,2)-4(3,1) 19 18 3.57 ± 0.04 8.50 ± 0.06 1.25 ± 0.01 3.45 ± 0.07 2.54 ± 0.04 2.86 ± 0.03 0.016
146445.0500 5(4,1)-4(3,2) 19 18 ... 3.86 ± 0.08 2.66 ± 0.06 3.46 ± 0.07 0.014 7
146861.2610 24(6,19)-24(5,20) 74 190 ... ... ... 8
147058.8980 23(5,19)-23(4,20) 62 170 ... 2.79 ± 0.03 1.21 ± 0.01 5.23 ± 0.08 ... 9
147081.2540 29(8,21)-29(7,22) 102 283 ... 2.79 ± 0.06 1.16 ± 0.02 4.52 ± 0.01 ... 10
157214.1710 21(7,15)-21(6,16) 64 159 ... 2.85 ± 0.01 1.28 ± 0.03 5.04 ± 0.07 0.007 11
157711.9290 25(7,19)-25(6,20) 80 212 3.99 ± 0.09 7.97 ± 0.02 1.80 ± 0.04 3.42 ± 0.04 2.17 ± 0.05 4.13 ± 0.03 0.008
157736.7480 26(6,21)-26(5,22) 77 219 3.11 ± 0.07 6.26 ± 0.03 0.77 ± 0.08 3.04 ± 0.06 2.45 ± 0.07 3.92 ± 0.09 0.009
157780.3710 6(4,3)-5(3,2) 19 21 4.54 ± 0.05 7.35 ± 0.08 1.01 ± 0.05 3.43 ± 0.04 2.61 ± 0.02 3.16 ± 0.01 0.010
157992.2430 20(7,14)-20(6,15) 60 147 ... 3.14 ± 0.01 2.90 ± 0.01 2.94 ± 0.04 0.016 12
158024.6490 6(4,2)-5(3,3) 19 21 ... 2.16 ± 0.06 4.34 ± 0.08 4.27 ± 0.08 0.009 13
158399.3190 18(7,11)-18(6,12) 52 125 ... 2.71 ± 0.01 2.98 ± 0.06 3.67 ± 0.08 0.008 14
158886.6260 19(7,13)-19(6,14) 56 136 ... 2.04 ± 0.09 3.88 ± 0.06 2.56 ± 0.02 0.012 15
158909.8960 10(3,8)-9(2,7) 19 36 ... 2.68 ± 0.05 3.06 ± 0.01 2.41 ± 0.01 0.008 16
CH2OHCHO v=1 145709.8771 28(5,23)-28(4,24) 83 528 ... 2.90 ± 0.07 3.29 ± 0.04 1.06 ± 0.08 0.007
145841.2015 24(6,19)-24(5,20) 75 470 ... 3.52 ± 0.02 2.37 ± 0.02 1.40 ± 0.04 0.006
146006.6731 13(2,12)-12(1,11) 44 332 ... 3.80 ± 0.01 2.33 ± 0.01 1.40 ± 0.09 0.008
146420.6437 8(3,6)-7(2,5) 16 306 ... 4.12 ± 0.08 2.45 ± 0.08 1.06 ± 0.04 0.005
146433.2277 5(4,2)-4(3,1) 19 299 ... ... ... 17
146489.0693 5(4,1)-4(3,2) 19 299 ... ... ... 18
146569.8669 22(3,19)-22(2,20) 48 430 ... ... ... 19
147019.9503 16(3,13)-15(4,12) 20 364 ... ... ... 20
157023.8253 23(7,17)-23(6,18) 72 464 ... 2.84 ± 0.05 1.54 ± 0.08 2.58 ± 0.01 0.013
157144.2758 24(7,18)-24(6,19) 76 478 ... 2.28 ± 0.08 1.56 ± 0.02 2.64 ± 0.01 0.006
157237.2742 23(3,20)-23(2,21) 48 443 ... 3.54 ± 0.06 2.26 ± 0.02 1.83 ± 0.01 0.007
–
2
3
–
Table A-1—Continued
Name Rest Frequency Quantum Numbers Si jµ
2 Eu Source A Source B Channel rms Notes
(MHz) (debye2) (K) VLS R ∆V IP VLS R ∆V IP
(km s−1) (km s−1) (K) (km s−1) (km s−1) (K) (Jy beam−1)
157341.5663 22(7,16)-22(6,17) 68 451 ... 2.65 ± 0.02 4.52 ± 0.02 1.37 ± 0.07 0.007
157490.1399 19(7,12)-19(6,13) 56 416 ... 3.12 ± 0.02 3.09 ± 0.02 1.51 ± 0.08 0.008
157789.5240 6(4,3)-5(3,2) 19 302 ... ... ... 21
157836.3447 25(7,19)-25(6,20) 80 492 ... 3.77 ± 0.09 1.42 ± 0.06 1.48 ± 0.07 0.009
157966.3772 21(7,15)-21(6,16) 64 439 ... 2.89 ± 0.04 3.54 ± 0.06 1.99 ± 0.07 0.009
158014.0516 6(4,2)-5(3,3) 19 302 ... 2.16 ± 0.09 2.67 ± 0.08 1.37 ± 0.02 0.007
158217.7282 28(8,20)-28(7,21) 94 546 ... 2.21 ± 0.06 3.01 ± 0.08 1.18 ± 0.03 0.008
158778.5167 20(7,14)-20(6,15) 60 427 ... 2.01 ± 0.08 3.02 ± 0.08 2.32 ± 0.02 0.006
159124.2988 15(2,13)-14(3,12) 34 352 ... 2.45 ± 0.05 3.24 ± 0.08 1.23 ± 0.08 0.020
CH2OHCHO v=2 145280.4951 21(4,18)-21(3,19) 48 512 ... 3.59 ± 0.08 2.79 ± 0.02 0.91 ± 0.09 0.010
145482.8001 13(2,12)-12(1,11) 44 425 ... 2.92 ± 0.04 5.21 ± 0.05 2.00 ± 0.02 0.009
146442.0856 16(3,13)-15(4,12) 20 458 ... 2.57 ± 0.05 2.80 ± 0.01 0.94 ± 0.06 0.005
146662.6963 8(3,6)-7(2,5) 16 400 ... 2.72 ± 0.02 2.99 ± 0.01 0.70 ± 0.08 0.011
146916.5242 23(5,19)-23(4,20) 63 543 ... 2.14 ± 0.08 4.18 ± 0.06 0.76 ± 0.06 0.008
147177.9323 5(4,2)-4(3,1) 19 392 ... 2.76 ± 0.01 1.31 ± 0.03 1.40 ± 0.04 ...
147235.0833 5(4,1)-4(3,2) 19 392 ... 2.04 ± 0.01 2.47 ± 0.03 1.65 ± 0.03 ...
157036.9058 35(9,26)-35(8,27) 130 776 ... 3.07 ± 0.05 1.47 ± 0.02 1.21 ± 0.05 0.004
157514.4754 30(8,22)-29(9,21) 20 673 ... ... ... 22
157862.3342 26(6,21)-26(5,22) 78 592 ... 3.71 ± 0.03 1.19 ± 0.01 2.34 ± 0.77 0.006
158371.0215 46(10,36)-46(9,37) 192 1046 ... 3.36 ± 0.01 2.32 ± 0.09 0.44 ± 0.20 0.013
158501.2071 6(4,3)-5(3,2) 19 396 ... 2.54 ± 0.04 3.37 ± 0.07 0.82 ± 0.14 0.006
158524.9827 19(4,15)-18(5,14) 18 492 ... ... ... 23
158599.1593 23(7,17)-23(6,18) 72 558 ... 2.38 ± 0.04 1.33 ± 0.08 0.40 ± 0.17 0.009
158630.7945 15(2,13)-14(3,12) 34 445 ... ... ... 24
158730.9951 6(4,2)-5(3,3) 19 396 ... 2.99 ± 0.07 2.21 ± 0.09 1.16 ± 0.88 0.010
158746.8617 24(7,18)-24(6,19) 76 571 ... 3.47 ± 0.09 4.14 ± 0.09 1.27 ± 0.47 0.007
158902.8851 22(7,16)-22(6,17) 68 545 ... 2.80 ± 0.08 1.89 ± 0.07 1.60 ± 0.76 0.007
158987.7555 19(7,12)-19(6,13) 56 510 ... 2.03 ± 0.08 3.76 ± 0.06 1.43 ± 0.28 0.008
aGg′(CH2OH)2 145464.3755 14(2,13)v=1 - 13(2,12)v=0 339 53 4.98 ± 0.09 9.25 ± 0.02 1.81 ± 0.03 3.68 ± 0.01 1.75 ± 0.01 1.64 ± 0.01 0.012
146064.1179 15(3,13)v=0 - 14(3,12)v=1 385 63 ... ... ... 25
146228.0141 27(8,20)v=1 - 27(7,21)v=1 145 218 ... ... ... 26
146233.8271 15(1,14)v=0 - 14(2,13)v=0 133 60 ... ... ... 27
–
2
4
–
Table A-1—Continued
Name Rest Frequency Quantum Numbers Si jµ
2 Eu Source A Source B Channel rms Notes
(MHz) (debye2) (K) VLS R ∆V IP VLS R ∆V IP
(km s−1) (km s−1) (K) (km s−1) (km s−1) (K) (Jy beam−1)
146239.2552 15(1,14)v=1 - 14(2,13)v=1 31 60 ... ... ... 28
146465.4141 15(13,2)v=0 - 14(13,1)v=1 144 142 4.95 ± 0.06 8.51 ± 0.07 1.00 ± 0.08 3.76 ± 0.04 2.13 ± 0.02 1.66 ± 0.03 0.005
146525.8146 15(12,3)v=0 - 14(12,2)v=1 208 130 ... ... ... 29
146595.6367 15(11,4)v=0 - 14(11,3)v=1 266 118 ... 3.37 ± 0.01 2.91 ± 0.03 2.16 ± 0.06 0.024 30
146616.0500 14(1,13)v=1 - 13(1,12)v=0 573 53 ... ... ... 31
146679.8750 15(10,5)v=0 - 14(10,4)v=1 320 108 ... 3.17 ± 0.08 1.95 ± 0.06 1.85 ± 0.02 0.024 32
146786.5039 15(9,6)v=0 - 14(9,5)v=1 369 99 ... 3.29 ± 0.06 1.97 ± 0.01 2.13 ± 0.06 0.007 33
146929.0175 15(8,8)v=0 - 14(8,7)v=1 321 90 4.08 ± 0.05 8.44 ± 0.05 3.23 ± 0.05 3.20 ± 0.06 1.95 ± 0.04 1.87 ± 0.07 0.006
147132.4118 15(7,8)v=0 - 14(7,7)v=1 451 83 ... 2.54 ± 0.03 1.59 ± 0.09 3.18 ± 0.04 ... 34
156895.6465 16(11,6)v=0 - 15(11,5)v=1 324 126 3.20 ± 0.06 10.45 ± 0.05 2.32 ± 0.05 ... 0.004 35
156992.6266 16(10,7)v=0 - 15(10,6)v=1 375 116 3.40 ± 0.02 8.93 ± 0.08 2.04 ± 0.09 2.65 ± 0.08 1.33 ± 0.09 3.28 ± 0.06 0.010
157117.3550 16(9,8)v=0 - 15(9,7)v=1 420 107 ... 2.25 ± 0.07 1.22 ± 0.07 3.30 ± 0.03 0.004 36
157286.3139 16(8,9)v=0 - 15(8,8)v=1 461 98 ... ... ... 37
157506.3175 16(4,13)v=0 - 15(4,12)v=1 310 75 ... ... ... 38
157530.6842 16(7,9)v=0 - 15(7,8)v=1 386 91 ... 2.11 ± 0.02 2.09 ± 0.02 1.52 ± 0.09 0.006 39
157803.2339 16(1,16)v=1 - 15(1,15)v=0 479 63 ... ... ... 40
157827.0800 16(0,16)v=1 - 15(0,15)v=0 619 63 3.55 ± 0.06 7.23 ± 0.04 3.01 ± 0.02 3.11 ± 0.01 1.35 ± 0.06 2.57 ± 0.06 0.004
157894.3795 16(6,11)v=0 - 15(6,10)v=1 528 85 ... ... ... 41
157928.3405 16(6,10)v=0 - 15(6,9)v=1 411 85 ... ... ... 42
158342.8786 16(5,12)v=0 - 15(5,11)v=1 553 79 3.10 ± 0.01 8.91 ± 0.05 2.90 ± 0.08 2.68 ± 0.03 2.15 ± 0.08 2.06 ± 0.02 0.007
158828.8924 16(5,11)v=0 - 15(5,10)v=1 431 79 2.59 ± 0.06 7.94 ± 0.03 3.07 ± 0.04 2.26 ± 0.04 2.05 ± 0.09 2.13 ± 0.09 0.007
159028.0081 16(4,13)v=0 - 15(4,11)v=0 258 75 ... ... ... 43
159137.7262 15(3,13)v=1 - 14(3,12)v=0 578 64 ... ... ... 44
gGg′(CH2OH)2 145590.4298 25(8,17)v=0 - 25(7,18)v=0 411 190 4.00 ± 0.08 3.99 ± 0.01 0.14 ± 0.04 3.39 ± 0.08 2.76 ± 0.05 1.40 ± 0.07 0.030
145633.1784 25(8,17)v=1 - 25(7,18)v=1 198 190 ... ... ... 45
145845.1624 29(4,26)v=0 - 29(3,27)v=0 136 219 ... ... ... 46
145855.5493 26(8,19)v=0 - 26(7,20)v=0 267 203 ... ... ... 47
146088.2125 14(4,10)v=1 - 13(4,9)v=0 184 59 ... 3.64 ± 0.06 2.43 ± 0.01 1.28 ± 0.05 0.015 48
146695.8650 25(8,18)v=1 - 25(7,19)v=1 412 190 ... 3.64 ± 0.03 2.42 ± 0.09 1.69 ± 0.04 0.040 49
146736.4760 15(1,14)v=0 - 14(1,13)v=1 315 59 ... ... ... 50
146789.3955 24(8,16)v=1 - 24(7,17)v=1 238 178 ... 2.56 ± 0.07 2.75 ± 0.03 1.51 ± 0.01 0.014 51
157099.3831 15(4,11)v=1 - 14(4,10)v=0 156 67 ... 2.91 ± 0.04 1.13 ± 0.09 2.41 ± 0.07 0.005 52
–
2
5
–
Table A-1—Continued
Name Rest Frequency Quantum Numbers Si jµ
2 Eu Source A Source B Channel rms Notes
(MHz) (debye2) (K) VLS R ∆V IP VLS R ∆V IP
(km s−1) (km s−1) (K) (km s−1) (km s−1) (K) (Jy beam−1)
157230.4533 15(3,12)v=0 - 14(3,11)v=1 212 64 4.96 ± 0.04 6.49 ± 0.05 0.38 ± 0.06 2.84 ± 0.08 1.59 ± 0.08 1.94 ± 0.04 0.004
157352.8120 16(2,15)v=1 - 15(2,14)v=0 305 67 ... 2.37 ± 0.02 2.06 ± 0.09 1.48 ± 0.09 0.007 53
157362.7919 33(9,24)v=0 - 33(8,25)v=0 420 314 ... 2.41 ± 0.03 1.51 ± 0.03 1.54 ± 0.01 0.010 54
158487.5390 16(1,15)v=1 - 15(1,14)v=0 404 67 ... 2.16 ± 0.03 2.42 ± 0.05 1.51 ± 0.03 0.006 55
158876.6365 10(3,8)v=1 - 9(2,8)v=0 66 31 3.42 ± 0.05 2.3 ± 0.02 0.47 ± 0.07 2.33 ± 0.10 3.64 ± 0.05 1.16 ± 0.06 0.011
1Blended with unidentified molecular lines in source A.
2Blended with H2CO (2(0,2)-1(0,1)) at 145602.94900 MHz, and with CH2DCCH (9(0,9)-8(0,8)) at 145609.17360 MHz in source A.
3Blended with CH3OCH3 (19(2,18)-18(3,15), EE) at 145774.94300 MHz, and with DC(O)NH2 (7(5,3)-6(5,2)) at 145777.84300 MHz toward both sources.
4Blended with other molecular lines in sources A.
5Blended with 34SO2 (2(2,0)-2(1,1)) at 146020.42000 MHz in source A.
6This line is not detected in source A.
7Blended with other molecular lines in source A.
8Blended with CH3OCH3 (5(3,2)-5(2,4), EA) at 146865.92800 MHz toward both sources.
9Blended with H2CCCHCN (28(2,26)-27(2,25)) at 147058.79600 MHz toward both sources.
10Blended with other molecular lines in source A.
11Blended with other molecular lines in source A.
12Blended with H13CC13CN (18-17) at 157984.49100 MHz in source A.
13Blended with HDCS (5(1,4)-4(1,3)) at 158022.07600 MHz in source A.
14Blended with HSO (N(Ka,Kc)=4(0,4)-3(0,3), J=9/2-7/2, F=4-3) at 158391.35300 MHz, HS2 (10(1,9)-9(1,8), J=19/2-17/2, F=10-9) at 158394.77040 MHz, and s-C2H5CHO
(15(9,7)-14(9,6)) at 158409.07600 MHz in source A.
15Blended with NH2CN (8(1,8)-7(1,7), v=0) at 158891.14590 MHz in source A.
16This line is not detected in source A.
17Blended with C4S (N=48-47, J=49-48) at 146429.29450 MHz, H2NCH2COOHI v24=1 (21(6,16)-20(6,15), F=21-20) at 146430.22150 MHz, and HOONO2 v12=1 (18(13,5)-
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17(13,4), v=0, vt(NO2)=1) at 146432.78840 MHz in source B. This line is not detected in source A.
18Blended with N17O (J=3/2-1/2, Ω=1/2, F1=7/2
+-5/2− , F2=7/2
+-7/2−) at 146483.00670 MHz, and CH3OCHO vt=1 (22(5,18)-22(4,19) A) at 146489.37900 MHz in source B.
This line is not detected in source A.
19Blended with CH3OCH3 (3(3,0)-3(2,2), EA) at 146571.67900 MHz, and C5H (J=63/2-61/2, Ω=1/2, F=63/2
+-61/2−) at 146576.61000 MHz in source B. This line is not detected
in source A.
20Blended with H2NCH2COOHII v24=1 (23(2,22)-22(1,21), F=23-22) at 147018.23260 MHz in source B. This line is not detected in source A.
21Blended with other molecular lines in source B, and this line is not detected in source A.
22Blended with other molecular lines in source B, and this line is not detected in source A.
23Blended with other molecular lines in source B, and this line is not detected in source A.
24Blended with other molecular lines in source B, and this line is not detected in source A.
25Blended with O2
18O (11(1,10)-11(0,11)) at 146062.44000 MHz toward both sources.
26Blended with C2H3C3N (94(4)-93(4), F=95-94) at 146229.19250 MHz toward both sources.
27Blended with CH3OCHO vt=1 (12(8,5)-11(8,4)) at 146234.98800 MHz toward both sources.
28Blended with CH3OCHO vt=1 (12(8,5)-11(8,4)) at 146234.98800 MHz toward both sources.
29Blended with HCC13CN v7=3 (J=16-15, v7=3
1+) at 146522.54720 MHz toward both sources.
30Blended with H2C3S (29(0,29)-28(0,28)) at 146574.01410 MHz, CH3OCH3 (3(3,1)-3(2,2), AE) at 146581.17400 MHz,
13CCC34S (27-26) at 146584.13160 MHz, CH3OCH3
(3(3,0)-3(2,2), EE) at 146590.32300 MHz, and CH3OCHO vt=1 (12(6,6)-11(6,5)A) at 146592.42000 MHz in source A.
31Blended with CH3OH (9(0,9)-8(1,8)++) at 146618.79400 MHz toward both sources.
32Blended with CH3OCHO vt=1 (12(6,6)-11(6,5)E) at 146682.38300 MHz, and with CH3OCH3 (4(3,1)-4(2,3), EE) at 146689.04000 MHz in source A.
33Blended with HC(O)NH2 v12=1 (7(0,7)-6(0,6)) at 146786.17000 MHz in source A.
34Blended with CH3CN-E (8(4)-7(4)) at 147129.23020 MHz in source A.
35Blended with HBO (J=2-1, F=5/2-5/2) at 156893.52940 MHz in source B.
36Blended with CH3COCH3 (12(4,8)-11(5,7) AE) at 157114.64730 MHz and NH2CHO (14(2,12)-14(1,13), F=13-13) at 157115.86920 MHz in source A.
37Blended with CH3OCHO vt=1 (13(3,11)-12(3,10)A) at 157286.18800 MHz in source A, and its too faint to be detected in source B.
38Blended with C2H5OH (16(3,14)-16(2,15), anti) at 157507.45620 MHz toward both sources. Also blend with
13CCCO (17-16) at 157502.23760 MHz in source A.
39Blended with HCOOH (7(3,5)-6(3,4)) at 157526.48220 MHz in sources A.
40Blended with other molecular lines toward both sources.
41Blended with CH3OCHO vt=1 (13(3,11)-12(3,10)E) at 157897.31900 MHz toward both sources.
42Blended with CH3OCH3 (13(3,11)-13(2,12), AA) at 157935.33800 MHz toward both sources. Also blend with CH3CHO (8(1,7)-7(1,6), E) at 157937.69680 MHz.
43Blended with CH3OCHO vt=1 (13(8,6)-12(8,5)E) at 159031.51100 MHz in source A, and blend with D2CCO (9(3,7)-8(3,6)) at 159031.70170 MHz in source B.
44Blended with unidentified molecular lines toward both sources.
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45Blended with 13CC4H (J=63/2-61/2, p=1- -1, F1=32-31, F2=32-31) at 145638.74620 MHz toward both sources.
46Blended with HCC13CN v7=2 (J=16-15, l=0) at 145854.13770 MHz in source B, and this line is too faint to be detected in source A.
47Blended with HCC13CN v7=2 (J=16-15, l=0) at 145854.13770 MHz toward both sources.
48Blended with other molecular lines in source A.
49Blended with O2
17O (4(2,3)-5(1,4), F=7/2-7/2) at 146688.59690 MHz, and CH3OCH3 (4(3,1)-4(2,3)EE) at 146688.99640 MHz in source A.
50Blended with unidentified molecular lines toward both sources.
51This line is too faint to be detected in source A.
52Blended with H2NCO2CH3 v24=1 (21(12,10)-21(11,11) E) at 157097.85960 MHz, and with HCOOH (9(0,9)-8(1,8)) at 157099.28160 MHz in source A.
53Blended with C3H6O2 (27(0,27)-26(1,26), A) at 157356.30300 MHz in source A.
54Blended with 13CH3CH2CN (18(10,8)-17(10,7)) at 157365.79950 MHz in source A.
55Blended with CaS (15-14) at 158483.81380 MHz in source A.
